INTRODUCTION
The steroid hormone/vitamin D (VitD) exists in two forms, D2 (ergocalciferol) and D3 (cholecalciferol). The former is obtained from food (plant-derived, mainly mushrooms), while the latter is naturally synthesized in the skin, through exposure to ultraviolet light, and also ingested in the diet (animal-derived, mainly fatty fish, eggs, liver). 1, 2 Both forms are used for food fortification (dairy products, cereals and juice) and in VitD supplements. In humans, the endogenous production by the skin following exposure to sunlight UV radiation represents the main source of VitD. 1 The principal biological effect of VitD is on growth and remodeling of the skeleton by enhancing intestinal calcium absorption. 3 Recently though, the discovery of the almost ubiquitous distribution of VDR and cytochrome P450 27B1 in the human body 4 suggests that local conversion of 25-hydroxyvitamin D [25- (OH)D] to its hormonally active 1,25-dihydroxy form [1, 2D] may have multiple biological roles in almost all tissues, beyond the skeleton. More specifically, VitD appears to have a pivotal role in the regulation of cell growth, proliferation, differentiation and apoptosis, as well as various immunological functions and is thus implicated in several pathophysiological conditions, including cancer, diabetes, cardiovascular disease, multiple sclerosis, other autoimmune diseases and neuropsychiatric disorders. [4] [5] [6] [7] [8] VitD deficiency or insufficiency may be due to reduced intake/bioavailability (obesity or malabsorption), decreased direct sunlight exposure or hepatic and/or renal disease. 9, 10 The subsequent decline in intestinal calcium and phosphorus absorption may lead to increased PTH levels, resulting in secondary hyperparathyroidism and consequently depletion of the bones of calcium in order to maintain normocalcemia. 1 Therefore, in addition to the levels of circulating calcium and phosphate, PTH and biomarkers of bone turnover are useful indicators of VitD status, although their levels do not linearly follow 25-(OH) D fluctuations.
The generally accepted normal cut-off levels for 25-(OH)D have been set at >30 ng/mL to ensure optimal effects on calcium economy and skeletal health. 11 This rationale is based on maximal intestinal calcium absorption and nadir concentrations of parathyroid hormone (PTH), reported to be achievable at 25-(OH)D levels of approximately 30-40 ng/mL, [12] [13] [14] [15] and is underscored by the updated recommendations of the US Endocrine Society. 1 However, both tenets have recently been challenged: [16] [17] [18] [19] The boundary for clinically relevant VitD deficiency, characterized by osteopenia and rickets/ osteomalacia, has traditionally been set at 10 ng/mL 25-(OH)D, 17, 20 a point recently disputed by the US Endocrine Society, that has raised the VitD deficiency threshold to 20 ng/mL 25-(OH)D. 1 25-(OH)D "insufficiency" spans the range between the frank deficiency threshold and the lower normal level (traditionally 10-30 ng/mL), indicating inadequate stores for optimal VitD functions, but generally not associated with overt clinical symptoms. 21 VitD overall status in vivo is best estimated by the concentration of serum total 25-(OH)D, i.e. the sum of 25-(OH)D2+25-(OH)D3. 1 Fully automated platforms have been developed and concerns stemming from the lack of agreement regarding the methods used to measure VitD are being abated by advances in methodology and availability of accurate calibration materials and quality assessment programs. 8, 15 Abundant evidence exists that VitD deficiency and insufficiency have emerged as a global health threat across all ethnicities and age groups, with approximately 1 billion people estimated to be affected worldwide, the Mediterranean region being no exception in spite of the high insolation (total amount of solar radiation energy received per surface area) of the area. 11, 22 The aim of this cross-sectional study was to determine the total serum 25-(OH)D levels on the island of Crete, Greece, an area with high insolation. In addition, we sought to explore 25-(OH)D association with biomarkers of diabetes, metabolic syndrome, inflammation and bone remodeling, as well as the influence of season change and gender. Finally, we attempted to establish a 25-(OH)D threshold for our population and to compare it with the internationally proposed cut-offs for VitD sufficiency.
MATERIALS AND METHODS

Population
The Department of Clinical Chemistry-Biochemistry at the University Hospital of Heraklion is the regional reference center for VitD assays. We therefore retrieved 25-(OH)D measurements blindly from the Laboratory Information System (LIS) of the Hospital, without any patient identification. Our cohort included 8,183 total 25-(OH)D results, measured in our Department during a 5-year time period, between August 2009 and May 2014. Of the 8,183 subjects, 2,789 were hospital inpatients and 5,394 outpatients. The inpatients were hospitalized in diverse departments: endocrinology (n=1398), paediatrics (n=337), rheumatology (n=201), internal medicine (n=169), nephrology (n=126), orthopaedics (n=109), paediatric oncology (n=91), haematology (n=81), oncology (n=70), neurology (n=57), surgery (n=48), gastroenterology (n=30), pulmonary medicine (n=25), cardiology (n=22), psychiatry (n=10), obstetrics/gynecology (n=10, excluding pregnant women), dermatology (n=5). The outpatients were prescribed routine testing for VitD status. For the purpose of our study, we stratified this population according to age, sex ( Table 1 ) and season of the year when the analysis was performed. Age was not available for 141 subjects (43 males and 98 females, 85 outpatients and 56 inpatients) and their results were discarded from all further analyses.
Laboratory assays
Details of all laboratory methods together with their reference intervals and the number of patients for whom results were available are presented in Table  2 . These include routine biochemical workout tests (glucose, urea, creatinine, albumin, calcium, phosphate, triglycerides, total cholesterol, HDL cholesterol, LDL cholesterol), glycated hemoglobin A1c (HbA1c), C-reactive protein (CRP), hormonal determinations (intact PTH, TSH, insulin), bone turnover biomarkers (bone-specific isoform of alkaline phosphatase (b-ALP as activity and ostase as mass), N-Mid osteocalcin (OC), C-terminal telopeptide of type I collagen (CTX), urine free deoxypyridinoline crosslinks [Dpd]), tumor markers (CEA, CA 19-9, CA 125) and virology indices (HBsAg, HIV1/2, HCV). However, as tumor markers and virology indices were available in a very small sub-group of our data, we waived their further analysis. The laboratories performing the above mentioned assays participated in External Quality Assurance Services programs for the entire duration of the study and the observed deviation in Levey-Jennings charts was lower than +1SD for all analytes measured.
Biochemical monitoring of the rate of bone turnover is assessed by measurement of specific biomarkers in the blood and/or urine, either proteins or enzymes released during bone formation, or degradation products released during bone resorption. 23 The bone-specific osteoblasts and incorporated into the bone matrix during bone formation and also released into the circulation from the matrix during bone resorption, is considered a marker of bone turnover. Its main advantages are tissue-specificity and relatively low within-individual variation, while its principal disadvantage concerns the instability of the intact molecule, which is rapidly degraded. The large N-terminal/midregion fragment (N-Mid, aa 1-43) appears to be considerably more stable. 24 The C-terminal crosslinked telopeptide of type I collagen (CTX) is the bone resorption marker of choice, recommended by the International Osteoporosis Foundation (IOF) and the International Federation of Clinical Chemistry and Laboratory Medicine (IFCC). 25 the degree of the breakdown of mature type I collagen and are the preferred marker for monitoring the start of antiresorptive therapy. The main disadvantage stems from its large circadian variation, necessitating a morning fasting sample for accurate interpretation of results. The urine free deoxypyridinoline crosslinks (Dpd), released when mature type I collagen is degraded, are tissue-specific and not influenced by the diet. The main disadvantage is the necessity of a 24-hour urine sample and the need to correct results for creatinine excretion.
As a general procedure, a blood sample was collected from each subject; the blood was allowed to clot and serum was separated by centrifugation, with the exception of HbA1c which was determined in whole blood. Testing was performed on the day of blood collection for routine biochemistry, HbA1c, CRP and hormonal measurements. Serum and 24-hour urine samples for 25-(OH)D and bone turnover biomarkers measurements were frozen at -20 o C after collection and tested later, as assays for these parameters are performed on a weekly basis. All assays were performed according to the manufacturers' instructions.
Validation of the serum total 25-(OH)D assay used in our study
Prior to analysis, we confirmed that our assay actually measured the total amount of 25-(OH)D. For this purpose, we collected and pooled samples in which measured values were >30 ng/mL. One volume of saturated trichloroacetic acid (TCA) was added to four volumes of sample and the resulting mixture was vortexed and centrifuged. The addition of TCA causes protein precipitation and release of any bound (micro)molecules, including 25-(OH)D. The resulting supernatant was buffered with the 25- Table 2 . Assay characteristics of methods used in the present study, together with reference range and units of measurement the correct performance of the immunoassay and assayed again for 25-(OH)D. Taking all dilutions into account, the recovery was 109±8%, suggesting that in our assay the majority of protein-bound 25-(OH)D was released from proteins and hence our data should represent total 25-(OH)D.
Statistical analysis
The analysis was performed with the SPSS V21 program. All data were normalized by z-transformation ((parameter value-mean)/SD) prior to any statistical test. However, for the readers' convenience, nontransformed values are reported in the Tables and  Figures. For the comparison of the two groups, we used a t-test with unequal variance; for the comparison of multiple groups, we used one or two ways ANOVA, as appropriate, with Bonferroni-correction for post-hoc analyses. Multivariate analysis was used for group comparisons, the confounders being detailed in the Results section. Subjects were stratified by decade of age or by classification into four age groups (0-20, 21-50, 51-70, >70 y), for some analyses, as detailed in the Results section. Menopausal age for female individuals was arbitrarily set at 50 years. 25(OH)VitD values were stratified into the following groups: <10, 10-15, 15-20, 20-25, 25-30, >30 ng/mL. Correlations were analyzed by extracting the Pearson coefficient. For logistic regression, all variables were coded as low (0), normal (1) or high (2), the cut-offs being presented in Table 2 . Stepwise backward parameter elimination was performed, with p<0.05 for entry and p>0.1 for the removal of parameters. In all tests a p<0.05 was considered as significant.
RESULTS
Distribution of total 25-(OH)D values
Effect of age and gender
Of the 8,042 individuals included in the study, 1,663 were males (20.7%) and 6,379 females (79.3%). In both groups, mean 25-(OH)D levels were unexpectedly low for a population living in a Mediterranean region. Mean 25-(OH)D concentration was 19.48±9.51 (ng/ mL+SD) in males and 18.01±9.01 (ng/mL+SD) in females. A comparison of inpatients and outpatients yielded similar results; therefore we combined these two groups and performed the analysis on the total population of our study. Age distribution of mean total 25-(OH)D values ( Figure 1A ) showed that the highest values were present in children and adolescents of both genders (mean values for males=24.2±9.75, females=23.15±10.67 ng/mL; mean±SD), while a progressive and significant (p<0.001) decrease with age was evident. The mean concentration of serum 25-(OH)D in the elderly (>70 years) was significantly lower compared to the other age groups (mean±SD values for males=15.29±48.50, females=15.77±8.67 ng/mL, p<0.001 in both cases) and the lowest observed in our subjects. An inverse linear trend was apparent with advancing age, being more evident in subjects over 70 years.
An interesting observation was that despite the high percentage of sunny days on the island of Crete, 21% of our population was severely VitD deficient according to the standard criteria of our method, exhibiting levels below 10 ng/mL 25-(OH)D. Additionally, a significant (p=0.02) difference between sexes was evident in that the levels of 25-(OH)D were significantly lower in females compared to males, up to the age of 50 years. Thereafter, 25-(OH)D levels did not differ between genders ( Figure 1A ).
Seasonal variation
25-(OH)D levels depend on sun exposure, which fluctuates with the seasons. 2, 10, [26] [27] [28] In our cohort also, a significant seasonal variation of 25-(OH)D was evident (p<0.001) ( Figure 1B , Table 3 ). Interestingly, there was one major peak throughout the year, with values significantly increasing from April to August and linearly decreasing thereafter, roughly corresponding to maximum insolation and UV index on the island of Crete (source http://www.bing.com/ search?q=weather). This profile remained unchanged throughout the five years of the study. It is of note that 25-(OH)D levels in December were still significantly higher compared to those in January-March (p=0.002). Restricting the analysis to subjects aged <50 years, in which the gender difference was significant, resulted in two parallel month-distribution curves, this suggesting a similar variation of 25-(OH) D concentration between sexes and confirming the major effect of sunshine on endogenous VitD production ( Figure 1C ).
Correlation of total 25-(OH)D levels with PTH and bone turnover biomarkers
As a second step, we explored possible univariate correlations between 25-(OH)D and parameters of bone metabolism and turnover (Ca, P, PTH, b-ALP, Ostase, N-Mid-Osteocalcin and D-Pyrilinks; Figure  2A ). We confirmed the well-established 10, 29, 30 strong positive correlation between circulating 25-(OH) D levels and Ca and P, together with a significant inverse correlation with PTH 16, 31 (ANOVA p<0.001, for all three) ( Figure 2B , Table 3 ). In addition, we observed a weak but significant correlation between 25-(OH)D and osteocalcin and CTX (p=0.03 and 0.003, respectively) ( Table 3 ). A. Mean ± SE variation of 25-(OH)D concentration in male (blue curve) and female individuals (red curve), as a function of age. Subjects have been divided by decades of age, except for individuals between 0 and 20 and over 70 years. Values were significantly different (p<0.001) among different age-groups. Females always had lower values than males (p<0.001), until menopause, arbitrarily set at 50 years of age. According to these results, we have further constructed four different age-groups (see Table 1 Figure 2C ).
Correlation of total 25-(OH)D with metabolic parameters
25-(OH)D serum concentrations were correlated with a number of metabolic parameters, after correct- A. Heatmap of normalized (z-transformed) values of bone metabolismrelated parameters. In the vertical axes, individuals were sorted by gender and age groups. B. Variation (mean±SE) of intact PTH (black line), calcium and phosphate (red and green line respectively), as a function of 25-(OH)D groups, as detailed in the ordinate. Dotted line shows the upper normal cut-off value for PTH. All three parameters vary significantly among groups (p<0.001). As detailed in Table  1 Table 4 ).
A significant negative correlation between 25-(OH)D and glucose, as well as HbA1c, was observed (p<0.001 for both). The absence of any correlation with insulin was probably due to the extremely small number of available insulin data (n=115).
A significant negative correlation between 25-(OH)D and biochemical markers of renal function was evidenced (urea and creatinine, p<0.001).
A significant negative correlation was noted between 25-(OH)D and both circulating triglycerides and total cholesterol (p<0.001 for both), but no associations were apparent with either HDL or LDL cholesterol. However, a significant negative correlation between 25-(OH)D and the total/HDL cholesterol ratio (cut-off value 5, 32 p<0.001) was observed.
No correlation between 25-(OH)VitD and TSH was found.
Finally, a strong positive correlation (p<0.001) was evident between 25-(OH)D and albumin.
Taken together, these data suggest that 25-(OH)D is decreased: (i) in patients with impaired renal function (reflected by elevated urea and creatinine levels), (ii) in patients with a biochemical profile indicative of metabolic syndrome (increased glucose, triglycerides and total cholesterol levels), (iii) in patients with overt diabetes (reflected by increased HbA1c).
Lastly, we performed a logistic regression of 25-(OH)D with a number of serum metabolic analytes. The cut-off level for 25-(OH)D was set at 20 ng/ mL, based on our results on PTH and bone turnover indices. Only the significant analytes retained by the model, after backward elimination, are represented in Figure 4A . We conclude that a significant probability for decreased total 25-(OH)D, as expressed by odds ratios, is expected in overt diabetic fasting glucose levels (>126 mg/dL), and elevated cholesterol and creatinine levels, compatible with metabolic disease 
Total 25-(OH)D and inflammation
The levels of albumin correlated positively with 25-(OH)D. In order to decipher whether this was the result of inflammation (albumin reduction is an acute phase marker of inflammation), we examined the relationship between 25-(OH)D and albumin against the prototype biomarker of inflammation, C-reactive protein (CRP) ( Figure 4B , Table 4 ). In our dataset, a CRP value was available in 1,148 subjects. A significant correlation of 25-(OH)D with albumin and CRP was evident (p<0.001 for both). These data were also found in our logistic regression analysis, with odds ratios 0.090 (95% CI 0.031-0.260) and 0.697 (95% CI 0.451-1.076) for CRP, indicating a probability of rameters included in our study. For all parameters low/normal/high coding was used, based on cut-off values presented in Table 2 . Backward stepwise elimination of parameters (p to exclude= 0.10) was performed, and only significant parameters are shown (as Odd Ratios and 95% confidence intervals). B. 
DISCUSSION
In the present study, we performed a cross-sectional analysis of 8,042 single measurements of serum total 25-(OH)D over a 5-year period on the island of Crete. We investigated the effects of seasonal fluctuation, age and gender on circulating levels of 25-(OH)D and attempted to establish correlations with a number of biochemical indices of inflammation, metabolic syndrome and diabetes, as well as with PTH and several biomarkers of bone turnover. Furthermore, as no dietary products are fortified with calcium and VitD in Greece (with the exception of infants' and children's milk) and 66% of our subjects were outpatients, our data represent a valid estimate of the general population of a large Mediterranean island adhering, in principle, to the traditional Mediterranean diet.
The globally reported seasonal fluctuation of 25-(OH)D levels, 28, [33] [34] [35] [36] [37] [38] [39] [40] [41] attributed to cutaneous synthesis of VitD being affected by geographical location and season, 2, 26, 27, 42 was also observed in our cohort. Consequently, given this universally observed seasonal variation of VitD levels, caution should be exercised when single "snapshot" measurements of 25-(OH) D form the basis for recommendations on VitD supplementation and associations with various health outcomes. 43 Furthermore, in agreement with other large population-based studies, [44] [45] [46] our data revealed a linear decline of circulating 25-(OH)D levels with advancing age. The highest values, observed in children and adolescents of both genders, probably reflect VitD and calcium-fortified milk consumption in the 0-20 years age category. The progressive decrease thereafter may be explained by either avoidance of exposure to direct sunlight (or use of sunscreens) with advancing age because of skin cancer concerns, or drastic decrease of mobility due to orthopedic or other health problems and the well-documented reduction of the ability of the ageing skin to synthesize VitD precursors, 11, 27 coupled with dietary habits that seldom include VitD-rich foods and the absence of fortified products in Greece. One should also be aware of the age-related PTH increase, together with the physiological loss of bone mass with age, which might confound correlations between VitD status and bone remodeling laboratory indices. [47] [48] [49] The reverse phenomenon has been reported in Finland where advancing age has been associated with higher 25-(OH) D values in both sexes up to the age of 80 and was attributed to an "active pensioner" outdoor lifestyle, increased consumption of fatty fish, as well as dairy product fortification and VitD supplement use. 20, 50 Consistent with previous studies, 20, 38, 40, [51] [52] [53] [54] 25-(OH) D levels in females were found to be lower compared to males, up to the age of 50 years; thereafter the levels of 25-(OH)D were not different from those of males. A plausible explanation might include VitD and calcium supplementation in post-menopausal women together with changes in circulating estrogen levels, as well as lifestyle factors not addressed in this study (e.g. differences in sun exposure, diet and BMI between sexes). 52, 55 Indeed, 25-(OH)D has been significantly and positively associated with total testosterone and SHBG levels before and after adjustment for age and ethnicity, 56 although VitD supplementation per se does not appear to influence testosterone levels. 57 In addition, short-term administration of testosterone does not appear to alter 25-(OH)D levels. 58 The most intriguing finding of our study was the suboptimal 25-(OH)D values observed in both genders (males=19.48±9.51 and females=18.01±9.01, ng/ mL±SD), contrary to what would be expected in an area with abundant sunshine and a population prone to outdoor activities. This is in line with other studies indicating that 25-(OH)D levels in Mediterranean countries, 12, 55, [59] [60] [61] [62] [63] [64] and in Greece specifically, 28, 64 are often surprisingly low, with reported levels as low as 9.4 ng/mL in males and 8.5 ng/mL in females in autumn. 65 Our results are also in agreement with published reports suggesting that insolation in a certain region may not be the sole, or even an accurate, predictor of the VitD status. 28, 59, 66, 67 Along the same lines, an unexpected inverse north-south gradient for VitD levels in Europe is often reported, 41, 59 with 25-(OH)D levels positively correlated with latitude, and is primarily attributed to dietary habits (higher consumption of VitD-rich foods in the north), supplementation (Greece presented the lowest mean supplement intake, 2% in men and 6.7% in women), 68 and differences in the population's skin pigmentation. 55 The opposite has also been observed in the "SUpplé-mentation en VItamines et Minéraux AntioXydants" study (SUVIMAX, 1994) in 35-65 year-old French adults, with reported mean serum levels of 17.2 ng/ mL in the north versus 37.6 ng/mL in the south. 12 The above discrepancies could be attributed to differences in methodologies employed, populations tested, season of sample collection and, certainly, nutritional, anthropometric, sociodemographic and genetic factors, known to influence VitD status.
52,55
The well-documented inverse relationship between PTH and 25-(OH)D 16, 31 was also evident in our dataset and the intersection point, where PTH levels normalized, was at approximately 20 ng/mL of 25-(OH)D in both sexes. Of course, low levels of VitD cause secondary hyperparathyroidism, which preserves normocalcemia at the expense of bone health; 69 on the other hand, the 25-(OH)D concentration below which high levels of PTH ensue is not well established and a widely discrepant range (10-49 ng/mL) has been reported. 52, 70 It is worthy of note that other studies, one of them from Greece, 28 using a VitD loading test and the locally weighed regression scatterplot smoothing (LOWESS) method between PTH and 25-(OH)D, concluded that the lower normal levels for 25-(OH)D in their population were 22 28 and 20 ng/ mL, 71 comparable with those reported in the present study. The interrelationship between PTH and VitD levels is always interwoven with calcium intake and absorption, parameters that are difficult to measure in everyday clinical practice. 29, 52 Therefore, while the major biological effect of PTH in our cohort was manifested at 25-(OH)D levels below 20 ng/mL, we recognize that potentially harmful non-skeletal effects at 25-(OH)D concentrations between 20-30 ng/mL cannot be excluded, albeit below the sensitivity of bone metabolic indices, which always varied within their normal range.
We further observed weak significant negative correlations with two biochemical indices of bone metabolism, osteocalcin (bone turnover) and CTX (bone resorption), by applying the 25-(OH)D level corresponding to PTH normalization in our cohort (20 ng/mL) as a cut-off. These correlations were maintained in multivariate analysis, with age and sex as confounders. Our results are in agreement with those reported in the Longitudinal Aging Study Amsterdam (LASA), that serum osteocalcin and urinary deoxypyridinoline, another resorption marker, decreased with increasing serum 25-(OH)D up to 16 ng/mL. Other groups have also observed that markers of bone resorption show the biggest rise when 25-(OH)D levels fall below 20 ng/mL 41, [72] [73] [74] and acceleration of bone turnover due to secondary hyperparathyroidism has been reported at 25-(OH)D levels of less than 6 ng/ mL. 17 The documented inverse relationship between bone-specific alkaline phosphatase and 25-(OH)D levels 33, 41, 73, 75 was also evident in our cohort, although variations were strictly within the normal reference range. It is noteworthy that significant changes in biomarkers of bone turnover are not always evident, despite an observed increase in 25-(OH)D levels and concomitant decrease in PTH levels when administering supplementation with oral VitD. 76, 77 As has been reported by others, 78, 79 a negative correlation between 25-(OH)D levels and glucose, triglycerides and total cholesterol was apparent in our population, confirming that higher serum concentrations of 25-(OH)D tend to be associated with a more favorable lipid profile. Literature reports on the association between VitD and total cholesterol are often discrepant, even when extensive adjustments for confounding factors (particularly BMI) have been applied, 45, 80, 81 while the association between VitD and triglycerides is consistently reported as negative, 82 with two exceptions concerning adolescent girls. 83, 84 Interestingly, no significant correlation between 25-(OH)D levels and HDL cholesterol was observed in our cohort, consistent with existing literature. 79, 85 However, this element is debated in the majority of cross-sectional studies, 82, 86 while interventional studies demonstrated minor effects of VitD supplementation on lipid variables, 82, 87 particularly on serum HDL. 88 It is of interest that the total/HDL cholesterol atherosclerotic ratio (normally <5) 32 was negatively correlated with 25-(OH)D concentrations, further confirming the protective effects of VitD on vascular health. 82, 89, 90 Another finding, which further corroborated the in-verse correlation of 25-(OH)D with metabolic disease/ diabetes in our analysis, was the negative association between 25-(OH)D levels and HbA1c values. This inverse association is supported by other published reports 20, [91] [92] [93] and the seasonal variation of 25-(OH) D levels is inversely mirrored by HbA1c, with the lowest levels observed in the summer. 94 Indeed, low levels of 25-(OH)D are considered a risk factor for the development of insulin resistance and diabetes, 4, 95 although the preventive effect of VitD supplementation has not yet been fully established. [96] [97] [98] One should bear in mind that although low levels of 25-(OH)D have been linked to the metabolic syndrome, obesity, diabetes, myocardial infarction and other cardiovascular diseases and despite the fact that overall cardiovascular death and manifestations of cardiovascular events are more frequent in the winter, when 25-(OH)D levels are at their lowest, associations have not been proven to be causal. 78, 94, [99] [100] [101] [102] [103] No correlation was evident between TSH levels and 25-(OH)D groups in our population, in spite of reported associations between 25-(OH)D and thyroid function. 104 Decreased levels of 25-(OH)D are a common finding in patients with impaired kidney function, 105, 106 which was also obvious in our dataset. Chronic kidney disease (CKD) is characterized by secondary hyperparathyroidism, which progresses with gradual deterioration of renal function and is partially attributed to the derangement of VitD metabolism. 107 VitD has an expanded role in renal physiology, through both classical and non-classical actions, and appears to affect disease progression and mortality in CKD patients. 108, 109 The inverse association between VitD status and inflammation has been described in published reports 110, 111 and was also evident in our population, through correlations of 25-(OH)D with albumin and CRP levels, even within the normal reference range for CRP. The immunomodulatory and anti-inflammatory properties of VitD are among its earliest and best described non-classical actions. [112] [113] [114] [115] [116] [117] Indeed, the acute-phase response has been linked to an early and sharp decrease in circulating 25-(OH)D levels, which correlates with inverse changes in CRP and persists even after resolution of the inflammatory reaction. 110, 118, 119 Practically all studies evaluating the association between 25-(OH)D levels and acute-phase response have reported a concomitant decrease in serum albumin. 110, 111 This observed decline in serum 25-(OH)D concentration has been attributed to several mechanisms, including decreased levels of carrier proteins, increased conversion of 25-(OH)D to its active 1,25 form and acute fluid shift. 111 Inflammationrelated hypovitaminosis D is difficult to interpret since the causality/consequence is unclear and both the biological implications and clinical relevance of this correlation are presently not known. A recent hypothesis proposes that low VitD levels (coupled with increased 1,25-(OH)2D concentrations) are a consequence rather than the cause of chronic inflammation, provoked by occult intracellular infection. 120, 121 Finally, the association of decreased 25-(OH)D levels with the various components of the metabolic syndrome and, as a result, low-grade metabolic inflammation could be yet another confounder, 20, 122 further supporting the proposed anti-inflammatory actions of VitD. 123 Several variables are known to affect VitD status in a given population, including sun exposure, use of sunscreens, nutritional habits, anthropometric indices and lifestyle features, such as outdoor activity, smoking and alcohol consumption. There are no cultural restrictions, as in the Arab world for females, on sun exposure or excessive clothing in Crete, and moderate sun exposure through daily-life activities appears to adequately improve VitD status. 67 Food sources rich in VitD are not routinely consumed in Greece, fortified products are absent (with the exception of infants' and children's milk) and vitamin supplementation is uncommon. On the other hand, adequate calcium intake protects from the development of hyperparathyroidism when VitD status is suboptimal and in this situation low 25-(OH)D levels are associated with lower than expected PTH levels. 16, 124 We can assume that calcium intake is adequate in our population due to high availability and consumption of dairy products. 125, 126 Regarding adiposity indices, a negative association between levels of 25-(OH)D and overweight/obesity is well established 44, 67, [127] [128] [129] [130] [131] and more pronounced with percentage of body fat rather than body mass index (BMI). Underweight, though not as extensively explored, may also be negatively related to VitD status. 51, 67 In overweight/ obese subjects, the upper PTH value has also been reported to be higher than in lean individuals 124 and obesity may also possibly blunt 25-(OH)D seasonal variation. 132 Physical activity per se, and not as a surrogate marker for sun exposure, may also be linked to higher VitD status. 67, 133 Smoking is inversely related to 25-(OH)D levels in most studies, 134, 135 although no association has also been reported. 136, 137 Smoking is also associated with lower PTH levels, 138 blunted 1,25-(OH)2D-PTH axis and impairment of calcium absorption. 139 Excessive alcohol consumption is linked to lower 25-(OH)D concentrations, 140 but moderate intake is consistently reported to relate to better VitD status. 30, 67, 131, 141, 142 Strengths of our study include the large number of subjects for whom 25-(OH)D measurements were available and the wide age distribution, which lead us to consider our cohort as being representative of the general population of a Mediterranean island. The inherent limitations of our work lie in its retrospective design and the mixed population studied (in-and outpatients), although no significant differences between the two groups were found. In addition, since inpatients represented various hospital departments, our data are not skewed by the results of a certain inhospital unit and do not promote any given pathology. All data were extracted from the Hospital LIS system and as a consequence we cannot provide information on additional parameters influencing 25-(OH)D circulating levels, as detailed above, or on the medical history of our subjects. The demographic group of our study was primarily composed of women (79%), which could account for lower VitD status. 20, 38, 40, [51] [52] [53] However, 25-(OH)D levels were below 20 ng/mL for both sexes and no sex-related differences in PTH concentrations were observed.
It is worth mentioning that even when most of the determinants known to influence VitD status are taken into account, the individual variability of 25-(OH)D levels is difficult to explain. 137 The genetic component is emerging as a strong predictor, as polymorphisms within various genes involved in the metabolic pathway of VitD (VitD-binding protein, megalin, cubilin, CYP27B1, CYP24A1, VDR) may explain not only a substantial percentage of the interindividual variability of 25-(OH)D, but also its association with major clinical outcomes 5, 18, 67, 143, 144 Several recently published reports challenge the established "normal" cut-off point for 25-(OH)D sufficiency. 19, 21 According to the NHANES 2005-2006 findings, the mean 25-(OH)D concentration is approximately 24 ng/mL in most age groups. Furthermore, the US Institute of Medicine (IOM) in 2011 concluded that serum 25-(OH)D levels >20 ng/mL are sufficient for almost the entire (97.5%) population, at least as regards Caucasians.
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In conclusion, our data lead us to adopt the Institute of Medicine's 2011 guidelines regarding the normal reference range for serum total 25-(OH)D and to propose setting the normal low level for 25-(OH)D to indicate sufficiency at 20 ng/mL, at least for the population of Crete. In addition, our study also raises questions as to the use of "snapshot" single-measurements of 25-(OH)D levels when attempting to demonstrate health risks associated with VitD deficiency and their outcomes, consistent with the recommendation of Anthony Norman that "normal 25-(OH)D serum levels" are those that support all VDR-containing target organs in all the world's population groups. 145 
